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Human immunodeficiency virus type 1 (HIV-1) requires the presence of specific chemokine receptors in
addition to CD4 to enter target cells. The chemokine receptor CCR5 is used by the macrophage-tropic strains
of HIV-1 that predominate during the asymptomatic stages of infection. Here we identify a small tyrosine-rich
region of CCR5 proximal to the N-terminal cysteine that is critical for entry of macrophage-tropic and
dual-tropic variants of HIV-1. HIV-1 infection of cells expressing CCR5 mutants with changes in this region
was substantially reduced compared with the infection of cells bearing wild-type CCR5. Simian immunodefi-
ciency virus (SIVmac239) entry was also ablated on a subset of these mutants but enhanced on others. These
differences in virus entry were correlated with the relative ability of soluble, monomeric HIV-1 and SIVmac239
gp120 glycoproteins to bind the CCR5 mutants. These results identify a region of CCR5 that is necessary for
the physical association of the gp120 envelope glycoprotein with CCR5 and for HIV-1 infection.

Human immunodeficiency virus (HIV-1) is the etiologic
agent of AIDS, which results from the destruction of CD4-
positive lymphocytes in infected individuals (6, 22, 24). The
related virus simian immunodeficiency virus (SIVmac) can
cause an AIDS-like disease in macaques (26, 27). The entry of
HIV-1 into target cells is mediated by the viral envelope gly-
coproteins, gp120 and gp41, which are assembled into an oli-
gomeric structure on the viral membrane (18, 19). The HIV-1
exterior glycoprotein, gp120, binds to the cellular receptor
CD4 (12, 31). CD4 expression on target cells is not sufficient
for viral entry, however, and the chemokine receptors CXCR4,
CCR5, CCR3, and CCR2b, as well as the orphan receptor
STRL33, can function as necessary coreceptors for HIV-1 (2,
8, 14, 16, 17, 23, 29). Among these coreceptors, CCR5 is
thought to be especially important because primary viruses
that infect T cells and macrophages efficiently use CCR5 (11).
Furthermore, individuals who fail to express CCR5 appear to
be largely protected from HIV-1 infection (13, 30, 34). SIVmac
also uses CCR5, as well as the orphan receptors STRL33,
gpr15, and gpr1, as a coreceptor (15, 20). Soluble HIV-1 or
SIVmac gp120 glycoproteins incubated with soluble CD4
(sCD4) can bind CCR5 and compete with the binding of the
natural chemokine ligands of CCR5, which include MIP-1a,
MIP-1b, and RANTES (37, 38). This binding is dependent on
the presence of the third variable (V3) loop of HIV-1 gp120,
and the sequence of the V3 loop to a large extent determines
which coreceptor can be used by HIV-1 (8, 9, 38). Binding of

the envelope glycoproteins to the chemokine receptors is
thought to trigger additional conformational changes in the
gp41 transmembrane glycoprotein, leading to the fusion of the
viral and target cell membranes.

Several studies have examined HIV-1 entry into cells ex-
pressing chimeras constructed between human CCR5 and ei-
ther human CCR2b or murine CCR5 (5, 7, 21, 33). These
studies in general have not been able to identify discrete do-
mains that are required for HIV-1 entry. Rather, they collec-
tively indicate that all or most of the external domains of CCR5
participate in supporting HIV-1 entry. Interpretation of these
studies, however, should include the caveat that the various
external domains are likely to interact quite closely, and thus
indirect effects of the exchange of relatively large domains on
the observed phenotypes cannot be excluded.

In this study, we used a panel of CCR5 alanine substitution
mutants to explore the interaction of CCR5 exterior domains
with HIV-1 and SIV envelope glycoproteins. We show that a
region of the N terminus proximal to the first cysteine of CCR5
plays an important role in the association of the gp120 glyco-
protein with CCR5 and in HIV-1 and SIV entry.

MATERIALS AND METHODS

Plasmids. Plasmids pHXBH10DenvCAT and pSVIIIenv, used to produce
recombinant HIV-1 virions containing the envelope glycoproteins from the pri-
mary HIV-1 isolates YU2 and 89.6, or the SIVmac239 envelope glycoproteins,
have been described previously (8, 25, 35). Plasmid pCD4, used to express
full-length CD4 in CF2Th cells, has been described elsewhere (36). For expres-
sion of CCR5, cDNA was cloned in a pcDNA3 vector. To create plasmids
expressing the CCR5 alanine substitution mutants, mutagenesis of this pcDNA3
vector was performed by the QuikChange method as specified by the manufac-
turer (Stratagene, Inc.).

Cell lines. CF2Th canine thymocytes (ATCC CRL 1430) and HEK293T cells
were obtained from the American Type Culture Collection. Cells were main-
tained as described previously (8).

env complementation assay. A single round of HIV-1 infection was assayed by
using a previously described env complementation assay (8). Briefly, recombinant
HIV-1 with the nef gene replaced by a gene encoding chloramphenicol acetyl-
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transferase (CAT) was used to infect CF2Th cells transfected by the calcium
phosphate method with 10 mg of plasmid encoding CD4 and 5 to 20 mg of
plasmid encoding wild-type or mutant CCR5. For these assays, 10,000 cpm of
reverse transcriptase activity of the recombinant viruses containing the YU2,
89.6, or SIVmac239 envelope glycoproteins was used, and cells were incubated
with virus for 1 h at 37°C before washing. Cells were lysed after infection, and
CAT activity was measured, indicating the level of infection (25). Normalized
values for entry on mutant CCR5 receptors are calculated by expressing CAT
activity of the mutant receptor as a percentage of the expected activity of
wild-type CCR5 with the same mean fluorescence. This latter value is deter-
mined by extrapolating a line between the two wild-type CCR5 values, obtained
by transfecting with various amounts of plasmid DNA, whose expression most
closely bounds that of the mutant receptor. Mutant receptors whose mean
fluorescence was greater than that of the highest wild-type CCR5 value, or lower
than the lowest wild-type CCR5 value, were excluded from analysis.

Antibodies. A cocktail composed of equal parts of the anti-CCR5 antibodies
5C7, 2C4, 3A9, 3D8, 10G11, 5H11, and 1G4 (39) was used to measure surface
expression of the CCR5 mutant proteins. The use of this antibody cocktail
minimizes the chance that antibody recognition of the mutant CCR5 molecules
will be disrupted by the introduced amino acid changes. For some experiments,
the 5C7 antibody, whose epitope maps to the N terminus of CCR5, and the 2D7
antibody, whose epitope maps to the second CCR5 exterior loop (37a), were
used individually, to confirm the efficiency of recognition of individual CCR5
mutants by this cocktail.

Binding assay. HEK293T cells were transfected by the calcium phosphate
method with 30 mg of plasmid DNA encoding wild-type or mutant CCR5 recep-
tors. Fluorescence-activated cell sorting (FACS) analysis using the 5C7 and 2D7
antibodies was used to confirm comparable expression on transfected cells. Cells
were resuspended in binding buffer (50 mM HEPES [pH 7.5], 1 mM CaCl2, 5
mM MgCl2, 0.5% bovine serum albumin). Approximately 106 cells were mixed
with 0.1 nM 125I-labeled MIP-1a (DuPont NEN) or 0.5 nM 125I-labeled YU2 or
SIVmac239 soluble gp120 glycoprotein (38) and competed with the indicated
concentrations of unlabeled MIP-1a or YU2 or SIVmac239 soluble envelope
glycoprotein, respectively. Assays for gp120 envelope glycoprotein binding also
included 100 nM sCD4. Cells were incubated for 30 min at 37°C in a total volume
of 0.1 ml, centrifuged, resuspended in 0.6 ml of the same buffer containing 500
mM NaCl, and recentrifuged. Bound ligand was quantitated by liquid scintilla-
tion counting. Nonspecific binding was determined in the presence of 100 nM
unlabeled competitor and subtracted from each value for bound ligand.

RESULTS

Effect of CCR5 amino acid changes on CCR5 expression and
HIV-1 entry. A panel of CCR5 mutants in which alanine was

substituted for most of the charged and aromatic residues in
the exterior domains was created (Fig. 1). Cell surface expres-
sion of these mutants was examined following transfection of
CF2Th cells with plasmids encoding human CD4 and the mu-
tated CCR5 proteins. In parallel, CF2Th cells were transfected
with the CD4-expressing plasmid and different amounts of the
plasmid expressing the wild-type CCR5 protein. FACS analysis
was performed 48 h after transfection with an aliquot of the
transfected cells, using a cocktail of anti-CCR5 monoclonal
antibodies. Eleven of the mutant proteins exhibited levels of
surface expression (legend to Fig. 1) below the lowest value
detectable with wild-type CCR5, and these mutants were ex-
cluded from further analysis.

The remainder of the transfected CF2Th cells were incu-
bated with recombinant viruses containing envelope glycopro-
teins from two primary HIV-1 isolates, YU2 and 89.6. The
YU2 isolate is macrophage tropic, while the 89.6 isolate is dual
tropic (10, 28). A linear relationship between wild-type CCR5
cell surface expression and the efficiency of entry of the HIV-1
recombinant was observed in multiple experiments (e.g., Fig.
2). Figure 1 shows the efficiency of infection by the recombi-
nant virus of CF2Th cells expressing CD4 and the CCR5 mu-
tants. These values represent the ratio of infection that was
actually observed for the mutant CCR5 proteins to that ex-
pected for the wild-type CCR5 with same cell surface expres-
sion level. The latter value was extrapolated from the infection
levels observed for wild-type CCR5 with the higher and lower
expression values closest to those of the mutant (Fig. 2). Mu-
tants Y10A, D11A, Y14A, Y15A, E18A, K21A, Q22A, and
Q280A were substantially less efficient at supporting the entry
of viruses with YU2 and 89.6 envelope glycoproteins than was
wild-type CCR5 protein expressed at comparable levels (Fig.
1). Most of these mutants demonstrated a lower than wild-type
expression level for the same quantity of DNA transfected,
with the exception of mutants Y15A and E18A, which typically
expressed at wild-type or higher levels (Fig. 2). Also of note is

FIG. 1. Relative entry of YU2 and 89.6 viruses into CF2Th cells expressing mutant CCR5 proteins. Entry is expressed as the percentage of expected CAT conversion
on wild-type CCR5 at the same level of surface expression determined by FACS, as described in Materials and Methods. Data represent averages of values from two
to five independent experiments. For all values, variation of normalized values was less than 25% of the value indicated. Surface expression of mutants Y10A, D11A,
Q21A, D95A, K191A, and Q280A was consistently lower than that of wild-type CCR5 when the same amount of plasmid DNA was transfected. Mutants D2A, Y3A,
C20A, Q27A, R168A, K171A, R172A, Y176A, C178A, S270A, and D276A failed to express at levels above which detectable entry could be measured in cells expressing
wild-type CCR5 (data not shown).
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the greater sensitivity of viruses with the 89.6 envelope glyco-
proteins to the E18A change (Fig. 1). This glutamic acid is
common to CXCR4 and CCR5, and the specific contribution
of this amino acid to 89.6 entry may help explain the ability of
this virus to use both coreceptors. We conclude that the CCR5
region between but not including glutamine 4 and lysine 26
plays an important role in the entry of primary HIV-1.

Effect of CCR5 amino acid changes on SIVmac entry. We
then investigated the effect of changes in the N-terminal CCR5
residues on the entry of an HIV-1 recombinant pseudotyped
with the SIVmac239 envelope glycoproteins. This was of inter-
est both because the envelope glycoproteins of SIVmac239 and
HIV-1 are relatively divergent and because additional SIVmac
coreceptors that exhibit sequence similarity to CCR5 in the
N-terminal region have been identified (15, 20). These recep-
tors retain the tyrosines located at CCR5 positions 10, 14, and
15. Figure 3 shows that relative to cells expressing the wild-type
CCR5 protein, SIVmac239 entry into cells expressing mutants
Y10A, D11A, and Y14A was decreased. Surprisingly, cells
expressing mutants Y15A and E18A supported SIVmac239 in-
fection better than cells expressing comparable levels of the
wild-type CCR5 protein (Fig. 3). In these experiments, nor-
malized values for SIVmac239 infection of cells expressing mu-
tants K21A and Q22A could not be determined, because SIV
entry was not detectable on cells expressing wild-type CCR5
whose surface expression was comparable to that of these two
poorly expressing mutants.

Effect of CCR5 amino-terminal residue changes on binding
of MIP-1a and gp120-sCD4 complexes. The ability of mutants
Y15A and E18A expressed on the surface of HEK293T cells to
bind YU2 or SIVmac239 gp120 envelope glycoproteins in the
presence of sCD4 was examined. Mutants Y15A and E18A
were both expressed on the cell surface at somewhat higher
levels than wild-type CCR5 when comparable amounts of plas-
mid DNA were transfected (Fig. 2). Both CCR5 mutants dem-
onstrated markedly lower affinities for YU2 gp120-sCD4 com-
plexes compared to wild-type CCR5 (Fig. 4 and 5a). These
affinities correspond to the relative ability of the recombinant

YU2 virus to infect cells expressing these mutants. The binding
of SIVmac239 gp120-sCD4 complexes exhibited some sensitiv-
ity to the Y15A and E18A changes as well (Fig. 4 and 5b),
although the change of affinity was much less dramatic than in
the case of HIV-1 YU2-sCD4 complexes. The dissociation
constants for the SIVmac239 gp120-sCD4 complexes were 17.2
nM, 21.2, and 11.7 nM for Y15A, E18A, and wild-type CCR5,
respectively. MIP-1a, a natural ligand for CCR5, also demon-

FIG. 2. Relationship of wild-type and mutant CCR5 surface levels and in-
fectability. A representative experiment of the kind used to assemble Fig. 1 is
shown. CAT activity (percent conversion of chloramphenicol) in cells transfected
with 5, 10, 15, or 20 mg of plasmid DNA expressing wild-type CCR5 protein (F)
or 15 mg of plasmid expressing mutant CCR5 proteins Y10A ({), Y14A (E),
Y15A (‚), or E18A (h) after incubation with recombinant YU2 viruses, is
shown. The level of wild-type or mutant CCR5 protein detected on the cell
surface by FACS is plotted on the x axis.

FIG. 3. Relative entry of SIVmac239 recombinants into CF2Th cells express-
ing N-terminal CCR5 mutants. Entry is expressed as the ratio of observed
chloramphenicol conversion to that expected for wild-type CCR5 at the same
level of surface expression, as in Fig. 1. Data represent averages of values from
two or three independent experiments. Error bars represent the range of ob-
served values.

FIG. 4. Specific association of 125I-labeled YU2 or SIVmac239 gp120 enve-
lope glycoproteins or 125I-labeled MIP-1a with cells expressing wild-type or
mutant CCR5 receptors. HEK293T cells transfected with plasmids expressing
wild-type CCR5, Y15A, or E18A were incubated with 0.5 nM 125I-labeled YU2
or SIVmac239 gp120 glycoprotein and 100 nM unlabeled CD4 or 0.5 nM 125I-
labeled MIP-1a for 30 min at 37°C, washed, and counted. Radioactive counts
measured on mock-transfected cells were considered background and subtracted
from all values. Values shown are normalized to the wild-type CCR5 values
measured for each ligand. Expression levels in this experiment, as measured by
FACS with the anti-CCR5 antibody 2D7, were 79 for cells expressing wild-type
CCR5, 75 for cells expressing Y15A, 66 for cells expressing E18A, and 10 for
mock-transfected cells.
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strated a reduced affinity for mutants Y15A and E18A (Fig. 4).
It is likely that the lower efficiency of infection by viruses
containing the YU2 envelope glycoproteins of cells expressing
mutants Y15A and E18A is due, at least in part, to a substan-
tially lower affinity of the envelope glycoprotein-CD4 complex
for these mutants.

DISCUSSION

We have shown that several changes in a region proximal to
the N-terminal cysteine of CCR5 result in substantial reduc-
tions in the entry of the macrophage-tropic HIV-1 variant YU2
and the dual-tropic HIV-1 variant 89.6. It is notable that three
of the residues that appear to be important for HIV-1 entry are
tyrosines. All of the known coreceptors for primate immuno-
deficiency viruses, but only a fraction of receptors with homol-
ogy to chemokine receptors, have an N terminus that is rich in
tyrosines as well as acidic amino acids. There is ample prece-
dent for a high-affinity binding site to be composed of an
aromatic residue surrounded by charged or polar residues (1,
40). For example, the binding site on CD4 for gp120 is com-
posed of phenylalanine 43 and several positively charged res-
idues (3, 4). In the case of CCR5 binding to the gp120-CD4
complex, more than one tyrosine may be necessary for a high-
affinity association. Supporting this conclusion are the obser-
vations that alteration of with any one of three tyrosines affects
viral entry and that other coreceptors that support macro-
phage-tropic HIV-1 or SIV entry (gpr15, gpr1, STRL33, and
CCR3) have similarly arranged tyrosines (15, 20, 29).

The relative entry of HIV-1 into cells expressing the Y15A,

E18A, and wild-type CCR5 proteins correlates with the ability
of each of these CCR5 molecules to bind soluble complexes of
the gp120 and CD4 glycoproteins. This finding suggests that
the major effect on virus entry of the amino acid changes in this
CCR5 region is due to a change in ability of these CCR5
mutants to bind envelope glycoprotein-CD4 complexes. A di-
rect association of CD4 with this region of CCR5 cannot be
ruled out by these studies, although the differential affinity of
the SIV and HIV-1 envelope-sCD4 complexes for the CCR5
mutants suggests that the envelope glycoprotein is the major
determinant of the strength of this interaction. The reduced
affinity of MIP-1a for E18A and Y15A mutants suggests that
these or nearby residues may constitute a portion of a common
binding site for HIV-1 gp120 and the natural ligands of CCR5.

SIV entry also demonstrated sensitivity to changes in the
amino-terminal CCR5 motif, implying that this portion of
the N terminus of CCR5 may be generally important for vi-
ruses that use CCR5 as a coreceptor. The enhanced entry of
SIVmac239 on cells expressing Y15A or E18A is possibly the
result of an enhanced accessibility to or flexibility of the actual
virus binding site, which probably includes residues immedi-
ately in the vicinity of Y15 and E18. The observation that a
change in asparagine 13 of CCR5 allows the SIVmac239 gp120
envelope glycoprotein to bind CCR5 in an sCD4-independent
manner supports this conclusion (32). The enhanced entry of
SIVmac239 on cells expressing Y15A or E18A does not appear
to correlate with the slightly lower affinity of these mutants for
soluble monomeric gp120-sCD4 complexes. This discrepancy
may be accounted for by the sensitivity of the virus entry assay,
but not the binding assay, to an enhanced on rate, or by dif-
ferences in the properties of monomeric and oligomeric enve-
lope glycoproteins in the contexts of these different assays. The
decreased sensitivity of SIVmac239, compared to HIV-1, to
changes in tyrosine 15 and glutamic acid 18 may help explain
why STRL33, which has a glycine and serine, respectively, at
these positions, functions as a more efficient coreceptor for
SIVmac239 than for HIV-1 (15, 29).

The identification of a region on CCR5 that is important for
the entry of diverse viruses which use CCR5 may imply that
this region associates with a relatively conserved structure on
the HIV-1 envelope glycoproteins. Further characterization of
this interaction may prove useful in efforts to understand the
role of chemokine receptors in viral fusion and perhaps in
efforts to block this interaction pharmacologically.
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